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Gene pairs, homologous to some of the gene pairs of these extrachromosomal "addiction modules" have been found in the E. coli chromosome (7) (8) (9) (10) (11) . The mazEF system, located in the E. coli relA operon, was the first described prokaryotic chromosomally born regulateable "addiction module". It is responsible for programmed cell death in bacteria (7) (8) (9) (10) (11) (12) . The mazEF system has all the properties that are required for an extra-chromosomal "addiction module" (7, 13) : (i) MazF is a toxic protein that is antagonized by the anti-toxic protein MazE; (ii) MazF is longlived, while MazE is easily degraded by the protease ClpPA; (iii) MazE and MazF are co-expressed and interact; (iv) MazE is synthesized in excess over MazF; and (v) mazEF is weakly autoregulated by MazE and efficiently autoregulated by the combined action of MazE and MazF. In addition to this, the mazEF system has several unique properties. Its promoter has an unusual DNA structure called an "alternating palindrome", and it also carries a binding site for the factor for inversion stimulation (FIS). In addition, the mazEF-mediated cell death can be triggered by several stress conditions that inhibit mazEF expression: (i) high concentrations of 3',5'-guanosinebispyrophosphate (ppGpp-the product of RelA protein under extreme amino acid starvation) (7), (ii) antibiotics that are general inhibitors of transcription and/or translation (14) and (iii) the toxin from the Phage P1-borne Phd/Doc addiction module (15) . It has therefore been proposed that mazEF plays a role in programmed cell death under stress conditions (7, (14) (15) (16) .
MazE and MazF are homologous to PemI (Kis) and PemK (Kid) respectively, the antidote and toxin encoded by the pemIK addiction system of plasmid R100 (identical to the kis/kid system on plasmid R1) (9, 17) . It has been shown that the mazEF and pemIK systems can functionally interact; MazE partially complements temperature by guest on http://www.jbc.org/ Downloaded from 4 sensitive mutants of PemI that have lost their ability to prevent cell growth inhibition in the presence of PemK (18) . The cellular target of the MazF toxin is still unknown.
DnaB was found to be the target of Kid of the kis/kid system of plasmid R1 (19) .
Structural data of addiction proteins have been very limited. The structure of the toxin CcdB of the ccdAB system was the first one to be reported in 1999, (20) , and recently the parD-encoded Kid toxin has been shownto be a very similar three-dimensional structure (21), indicating evolutionary relationships between different families of addiction modules. Crystallization of other addiction toxins are hampered by problems of expression. Low thermodynamic stability and very short shelf life have prevented crystallization of the antidotes. In the present work, we have crystallized the chromosomal antidote MazE in complex with a specific camel VHH antibody fragment that was purposely used as a crystallization aid. The resulting crystal structure is the first of any addiction antidote.
Experimental procedures

Expression and purification of MazE
In order to obtain pure His-tag fused MazE protein we used the QIAexpressionist kit (Qiagen). The mazE gene was amplified with PCR. The PCR product was digested with BglII and HindIII before introducing it into the BamHI and HindIII sites of the pQE-30 vector. The MazE protein expressed from this construct bears the His-tag and enterokinase sites on its N-terminus.
The pQE-30-mazE plasmid was introduced into E. coli MC4100∆mazEF-lacI The mutants R8A and R16A were constructed by PCR-based site-directed overlap extension mutagenis according to Ho and co-workers (22) and purified in the same way as the wild-type protein.
Expression and purification of the anti-MazE VHH fragment cAbmaz1
Dromedary immunization and construction of a phage display library were done as described before (23) . Phages, expressing the VHH repertoire as a gene III fusion protein, were rescued from the library using M13K07 helper phages, essentially as described by (24) . To identify MazE binders, periplasmic fractions of independent TG1 clones were applied on 2 µg/ml MazE-coated microtiter plates. Specific anti MazE clones were developed with a mouse anti-myc tag followed by an anti-mouse alkaline phosphatase conjugate.
Binders were reamplified and the PCR fragments were NcoI/BstEII-digested and cloned in pHEN6, a pHEN4 derived expression vector in which the haemagglutinine tag and gene III were replaced by a histidine tag followed by a termination codon (23) . The recloned binders were expressed in the periplasm of E. coli WK6 and 6 purified as described by (23) . One single VHH fragment, termed cAbmaz1, with high affinity for MazE was selected for further experiments.
Crystallization and data collection
MazE and cAbmaz1 were mixed in a 1:2 ratio, and the complex was purified by gel filtration to remove unbound MazE and possible unreactive MazE fragments. The pure complex subsequently concentrated to a final concentration of 9 mg/ml in PBS buffer. Good quality crystals were directly obtained in screen condition 18 of the Hampton Crystal Screen (20% PEG 8000, 0.1 M Na cacodylate pH 6.5, 0.2 M magnesium acetate). X-ray data were collected on EMBL beamline BW7B of the DESY synchrotron (Hamburg, Germany) to 2.3 Å and subsequently to 1.65 Å on EMBL beamline ID14-3 of the ESRF synchrotron (Grenoble, France). Crystals were flash-frozen to 100 K directly without the need of additional cryoprotectant. The crystal tried at the ESRF diffracted to 1.65 Å resolution. Halfway the data collection, technical problems at the beamline resulted in loss of the crystal. Several other crystals were subsequently tested without success. The Hamburg and Grenoble datasets were subsequently merged to give the dataset described in Table I , which was used for structure determination and refinement. These data are thus 99% complete between 15 Å and 2.3 Å resolution, and 58% complete between 2.3 Å and 1.65 Å.
Using such a dataset is superior to using only the lower resolution 2.3Å dataset as it add a large number of additional unique data against which the model is refined.
because of the low completeness in the higher resolution bins. The resulting structure is thus not a true 1.65 Å resolution structure.
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Structure determination
The asymmetric unit of the crystals contains a dimer of MazE and two VHH antibody domains. Molecular replacement with AMORE (25) using the coordinates of an antiRNaseA VHH fragment (with its three CDR loops removed) (26) as a model yielded two clear solutions, resulting in a correlation coefficient of 0.27 and an R-factor of 0.51 using data between 10.0 and 4.0 Å. After rigid body refinement with AMORE followed by positional and B-factor refinement with CNS 1.0 (27) (using all data between 22.0 and 1.65 Å), an R-factor of 0.44 and an R-free factor of 0.46 were obtained. Phases from molecular replacement were used as a starting point for the warpNtrace option of arp (28) . After 300 cycles, an almost complete trace of the backbone of the two VHH fragments as well as part the MazE dimer (a hairpin, an isolated β-strand and two helices) was obtained. Applying the known NCS operator then gave a backbone model containing 60 residues of the MazE dimer. In addition, the wARP map was of excellent quality allowing to build all side chains of the VHH's as well as most of the ordered part of MazE.
Subsequently, refinement cycles using CNS (initially including a simulated annealing protocol, but at the final stages only positional and B-factor refinement) were alternated with manual rebuilding using TURBO (29) to locate the remaining missing residues as well as ordered water molecules. The final structure has R = 0.218, R-free = 0.249 and has excellent stereochemistry as shown in Table I . Coordinates and X-ray data for the MazE-cAbmaz1 complex have been deposited at the protein data bank and will be available as entry 1mvf. The stereochemical quality of the final crystallographic model was analyzed with PROCHECK (30) . Secondary structure assignements were based upon PROMOTIF (31) . Solvent accessibilities were calculated using the program NACCESS (32).
Structure analysis
Homologues of MazE were searched with BLAST (33) in the combined SwissProt and trEMBL databases (34) and the multiple sequence alignment was obtained with ClustalW (35) .
The variability at each amino acid position of the multiple alignment was scored using a sum-of-pairs approach based upon the amino acid distance matrix of Miyata and coworkers (36) and modified by Armon and co-workers (37).
Results and discussion
A camel antibody as crystallization aid for a largely unstructured protein
MazE is a 82 aa protein (98 aa in the used His-tagged construct), but in our crystal structure only 44 residues located in the N-terminal half of the sequence are found A large fraction of unstructured polypeptide in MazE may be of functional importance since it is a common feature of many unrelated addiction antidotes. Preliminary NMR assignements of ParD, the antidote of the parDE system on plasmid RK2/RP4 indicate a folded N-terminal half and a largely unstructured C-terminal half (40) . Also for CcdA on plasmid F thermodynamic unfolding data suggest that the protein may be partially unfolded in vivo (41) . Phd, the antidote of the phd/doc system on phage P1, was found essentially unfolded at 37°C, but contains significant tertiary structure at 4°C (42) . ParD, CcdA as well as Phd gain structure upon complexation with operator DNA (41-43).
The MazE monomer corresponds to only half a protein domain
The crystal structure of the MazE monomer is shown in Figure 2a . It consists of two β-hairpins connected by a short α-helix. This fold is different from the predominantly α-helical secondary structure derived from NMR data of ParD, the antidote of the parDE system on plasmid RK2/RP4 (40), arguing against a common ancestor for the different families of addiction modules. The MazE monomer does not contain a buried hydrophobic core as such. If the MazE monomer is considered in isolation, all amino acid side chains are solvent-exposed.
The protein resembles only half a protein domain. In the crystal, MazE forms a dimer (Figure 2b) , as it does also in solution (44) . In this dimer both the N-terminal and the C-terminal hairpins of the two monomers associate to form two four-stranded antiparallel β-sheets. The architecture as judged from the intersheet angle and intersheet separation is quite common for a beta sandwich. The fold itself, however, is unique and does not match any of the proteins found in the protein databank.
Dimerization buries about 1700 Å 2 of surface area of each MazE monomer, of which 1360 Å 2 (80%) is hydrophobic. This dimer-dependent hydrophobic core consists exclusively of small aliphatic side chains (Val6, Val15, Ile17, Leu27, Val33, Leu42, Ile44). This hydrophobic core contacts several other hydrophobic residues that make it extend to the surface of the protein (Pro13, Pro18, Leu21, Leu37). The only aromatic residue within the ordered part of MazE (Trp9) is also involved in dimer formation. It is, however, not part of the hydrophobic core and is only partially buried.
The MazE family of antidotes
The proteins of the maz system show sequence similarity to another chromosomal addiction system chpB (9), to similar systems in the genomes of several bacteria (45) and to the plasmid R100 (R1) born pem (kis/kid) system (17, 46) . Figure 3 shows an alignment of the sequences of known MazE-like antidotes with the evolutionary conservation of amino acid residues and side chain accessibilities mapped upon the sequence of MazE. Except for the residues that form the hydrophobic core, the best conserved residues (Arg8, Gly10 and Ser12) are found in the N-terminal hairpin. The residues on the solvent exposed surface of the C-terminal hairpin on the other hand are poorly conserved. They include some of the most variable residues and also accomodate an insertion of a single amino acid in the sequence of R. solanacearum.
The homologous Kis (PemI) protein from plasmid R1 was shown to consist of two functional domains. Deletion of the last 33 amino acids results in a protein that lost its antidote properties, but largely retains its regulatory function (47) . Mutations at postitions 10, 11, 12 and 18 on the other hand abolish the regulatory activity of Kis, but not its potential to antagonize Kid. Thus, the ordered part of MazE most likely is a DNA binding module, while the disordered C-terminal half interacts with MazF.
DNA recognition domain
The complex of toxin and antidote of all addiction systems tested acts as a repressor for their own synthesis (13, (48) (49) (50) (51) . The antidotes have a DNA binding activity, which is enhanced in the presence of the toxin (13, 42, 49, (52) (53) . The toxins on the other hand have no DNA binding ability on their own. Many different structural motifs are known to mediate DNA binding, but none of them match the structural features of MazE.
The most obvious way for a dimeric protein to interact with a stretch of double stranded DNA is to align its molecular two-fold axis with the dyad of the DNA double strand. This means that two potential DNA binding surfaces have to be considered for (Figure 3) , the N-terminal hairpins contain a larger number of positively charged residues, including the conserved Arg8, resulting in a surface with a significant positive electrostatic potential (Figure 4b ). The C-terminal hairpin on the other hand is less conserved and contains many negatively charged residues.
We further constructed the mutants R8A and R16A and measured their DNA binding properties with fluorescence and isothermal titration calorimetry (Figure 4c ). While the wild-type protein can clearly be observed to interact with a 50 bp piece of promotor/operator DNA containing an alternating palindrome with a 3:1 MazE:DNA stoichiometry (13, 44) , the R16A mutant is essentially inactive ( Figure 5 ). The R8A mutant displays an intermediate behaviour. CD spectra indicate that both mutants remain properly folded. Our model also predicts that bound cAbmaz1 should not interfere with DNA binding. Indeed, the presence of cAbmaz1 has no effect on the DNA binding properties of MazE ( Figure 5 ).
MazF-induced Conformational changes
While this paper was under refereeing, the structure of a hexameric MazE 2 MazF 4 complex was published (54) . In this structure, the complete MazE protein is ordered.
THe N-terminal domain addopts a structure identical as in our VHH complex, showing that the interaction with the antiboy does not significantly disturb the structure of this unstable and in solution parially unfolded domain. The C-terminal 13 domain of MazE addopts an extended polypeptide conformation that is embraced and stabilized by MazF. This fully explains the absence of structure for the C-terminal domain in absence of MazF (as in our VHH complex), the large amount of random coil found in isolated MazE and other antidotes in solution (40) (41) (42) (43) (44) and the high vulnerability for proteolyic cleavage in the C-terminal halves of all antidotes studied until now (7, (55) (56) 
Conclusion
Programmed cell death in bacteria is typically mediated by so-called "addiction 
